ABSTRACT. Streptococcus suis (S. suis) is an emerging zoonotic pathogen causing significant economic losses in the swine industry. Here, we investigated the antimicrobial susceptibility, associated antibiotic-resistant determinants and sequence type (ST) of S. suis isolates from diseased pigs in China from 2008 to 2010. Serotype 2 was the most frequently observed strain (n=95) among the 106 S. suis strains collected, followed by serotypes 3 (n=3), 5 (n=3), 4 (n=2), 7 (n=1), 11 (n=1) and 28 (n=1). Multilocus sequence typing analysis revealed that ST1 (n=21) and ST7 (n=74) were the predominant STs, and serotype 2 was found to be significantly correlated with ST7 (P=0.017, Fisher's exact test) and CC1 (P=0.024, Fisher's exact test). The antimicrobial susceptibility results indicated that the antibiotic resistance rate was highest for tetracycline (99.1%), followed by azithromycin (68.9%), erythromycin (67.9%), clindamycin (67.9%), trimethoprim/ sulfamethoxazole (16%), levofloxacin (2.8%), chloramphenicol (1.9%), cefaclor (0.9%) and ceftriaxone (0.9%). Antibiotic-resistant genes tet(40), erm(B), mef(A/E) and msr(D) could be detected, and several tandem organizations of antibiotic resistance genes were also found in this study. In conclusion, S. suis strains isolated from diseased pigs in China were less diverse and multi-drug resistant. Streptococcus suis, an emerging zoonotic pathogen, can cause infections of both pigs, and occasionally, human beings; such infections include meningitis, septicemia, pneumonia, endocarditis and arthritis [14, 20] . Thirty-three serotypes (types 1-31, 33 and 1/2) have been described based on capsular polysaccharides, and serotype 2 is considered to be the most pathogenic as well as the most prevalent capsular type in diseased pigs. Control of the disease by antimicrobials has generally been ineffective, partly because of increased resistance by S. suis to antimicrobials.
Streptococcus suis, an emerging zoonotic pathogen, can cause infections of both pigs, and occasionally, human beings; such infections include meningitis, septicemia, pneumonia, endocarditis and arthritis [14, 20] . Thirty-three serotypes (types 1-31, 33 and 1/2) have been described based on capsular polysaccharides, and serotype 2 is considered to be the most pathogenic as well as the most prevalent capsular type in diseased pigs. Control of the disease by antimicrobials has generally been ineffective, partly because of increased resistance by S. suis to antimicrobials.
Tetracycline and erythromycin are two antimicrobials that are extensively used for therapy, prophylaxis and growth promotion, and subsequently, associated resistance has been widely reported at a high rate in S. suis strains isolated from pigs and human beings [3, 10, 18] . However, mechanisms, which contribute to the tetracycline and macrolide resistance in Chinese S. suis strains, are still poorly understood. Besides, although several approaches have been used to characterize S. suis isolates from diseased pigs in limited geographic regions in China [13, 22] , knowledge about the current epidemiological status of S. suis in Chin is still limited. Therefore, in this study, we investigated the antimicrobial resistance patterns, tetracycline and erythromycin resistance genes, Serotypes and STs of S. suis isolated from diseased pigs in central and eastern regions of China.
MATERIALS AND METHODS

Bacterial strains and antimicrobial susceptibilities:
All strains (n=106) used in this study were obtained from samples of different tissues (lung, brain, joint, heart and blood) isolated from diseased pigs from 14 provinces in central and eastern regions of China between 2008 and 2010. Bacteria were isolated according to the procedures described in our previous study [24] . Serotyping of S. suis was performed by a coagglutination test, using commercial specific sera against serotypes 1-31, and 33 (Statens Serum institute, Copenhagen, Denmark).
Antimicrobial susceptibility testing was performed on all the 106 isolates by broth microdilution with the MicroScan Micro STREP plus 1 system (Siemens, West Sacramento, CA, U.S.A.) The antimicrobial agents tested and breakpoints were as follows: ampicillin, 8 μg/ml; penicillin, 4 μg/ml; cefepime, 4 μg/ml; cefotaxime, 4 μg/ml; ceftriaxone, 4 μg/ml; erythromycin, 1 μg/ml; azithromycin, 2 μg/ml; tetracycline, 8 μg/ml; chloramphenicol, 16 μg/ml; clindamycin, 1 μg/ml; levofloxacin, 8 μg/ml; cefuroxime, 4 μg/ml; cefaclor, 4 μg/ ml; meropenem, 1 μg/ml; trimethoprim/sulfamethoxazole, 4/76 μg/ml; and amoxicillin/K clavulanate, 8/4 μg/ml.
S. suis was considered to be susceptible to vancomycin at a MIC of ≤1 µg/ml. Susceptibility breakpoints were determined according to the Clinical and Laboratory Standards Institute guidelines from 2008 [4] . Strains for which the MICs to tetracycline and erythromycin were greater than the highest dilution included on the MicroScan panel were retested by broth microdilution to determine the precise MICs. Tetracycline and erythromycin were purchased from Sigma Table 1 . To determine the linkage between tetracycline and/or erythromycin resistance genes, which could be concomitantly detected, the four primer combinations associated with the possible reciprocal orientation of the two genes were used. The PCR reaction mixture (total 50 µl) contained 0.5 µg template DNA, 1×PCR buffer, 1.25 U DNA Ex Taq polymerase (Takara, Otsu, Japan), 2 µl of 10 mM dNTPs (2.5 mM each), 0.2 mM of each primer and DNase-RNase-free water. PCR amplification was performed with a Mastercycler (Eppendorf AG, Wesseling, Berzdorf, Germany) under the following conditions: denaturation period at 95°C for 3 min, followed by 35 cycles of 94°C for 30 sec, X°C for 30 sec and 72°C for 1 min per kilobase of predicted product size, where X°C represents an annealing temperature appropriate for the particular primer set used. A final extension was conducted at 72°C for 10 min. PCR products were visualized by agarose gel electrophoresis on 1.0% agarose in the presence of 1 µg of ethidium bromide ml −1 .
The presence of tetracycline and erythromycin resistance genes was confirmed based on the amplicon sizes and the sequences of the selected PCR products. The resulting DNA sequences were analyzed on the BLAST server (http://www. ncbi.nlm.nih.gov).
Multilocus sequence typing (MLST): MLST testing was performed as originally described [12] . The sequences of the 7 housekeeping genes were compared with previously observed allelic sequences and assigned a ST using the S. suis MLST database (http://ssuis.mlst.net). The isolates were grouped with all isolates present in the S. suis database using the eBURST algorithm (http://eburst.mlst.net) [6] .
Statistical analysis: In order to investigate if there are any correlation between number of resistance genes and MIC of the respective antibiotics, we compared the MIC of tetracycline or erythromycin between respective resistant S. suis groups. The tetracycline resistant strains were grouped into 2 groups as follows: strains carrying single tetracycline resistant gene and strains carrying 2 tetracycline resistant genes; except for 2 erythromycin-resistant isolates, in which no erythromycin resistance gene was detected, the erythromycin resistant strains were grouped into 3 groups as follows: strains carrying single erythromycin resistant gene, strains carrying 2 erythromycin resistant genes and strains carrying 3 erythromycin resistant genes. The Kruskal-Wallis test was used for the overall comparison of the respective groups, and pair-wise comparisons were performed using Wilcoxon rank-sum tests, with Bonferroni correction for multiple testing when necessary. Statistical analysis was performed with SPSS software (version 17.0; SPSS Inc., Chicago, IL, U.S.A.). A two-tailed value of P<0.05 was considered to be significant in this study.
Nucleotide sequence accession numbers: The nucleo- 
RESULTS
Serotype and genotype of S. suis isolates:
A total of 106 S. suis strains were isolated from diseased pigs over a threeyear period (2008-2010) in China. Serotype 2 was the most frequently observed strain (n=95) among these S. suis strains, followed by serotypes 3 (n=3), 5 (n=3), 4 (n=2), 7 (n=1), 11 (n=1) and 28 (n=1) ( Table 2) . MLST results showed that 99 strains were assigned to CC1, including ST1 (n=21), ST7 (n=74), ST156 (n=2) and ST289 (n=2). Other STs were also found, such as ST28 (n=5, CC28), ST29 (n=1, CC25) and ST118 (n=1) ( Table 3) . Serotype 2 was composed of strains ST1 (n=20), ST7 (n=70), ST28 (n=4) and ST289 (n=1), and significant correlations between serotype 2 and both ST7 (P=0.017, Fisher's exact test) and CC1 (P=0.024, Fisher's exact test) were identified.
Antimicrobial susceptibility testing: The resistance frequencies of all isolates were: 99.1% for tetracycline, 68.9% for azithromycin, 67.9% for erythromycin, 67.9% for clindamycin, 16% for trimethoprim/sulfamethoxazole, 2.8% for levofloxacin, 1.9% for chloramphenicol and 0.9% for both cefaclor and ceftriaxone. All strains were susceptible to ampicillin, penicillin, amoxicillin/K clavulanate, cefotaxime, cefuroxime cefepime, meropenem and vancomycin. 72 (67.9%) strains were resistant to at least four antimicrobials, and the most common resistance pattern was tetracyclineazithromycin-erythromycin-clindamycin, consisting of macrolide, tetracycline and lincosamide antibiotics (data not shown).
Detection of tetracycline and erythromycin resistance genes: The distributions of tetracycline and erythromycin resistance genes among isolates of S. suis are shown in Table 2 . ) was confirmed by the sequencing of PCR products. Except for two erythromycin-resistant isolates, in which no erythromycin resistance gene was detected, all tetracycline-and erythromycin-resistant isolates were detected with at least one associated resistance gene, and at least 2 tetracycline or erythromycin resistance genes were concomitantly detected in 67 and 52 isolates, respectively. Based on the PCR results, we found several tandem organizations of antibiotic resistance genes ( Table 2) Association between number of resistance genes and MICs: Pair-wise comparisons revealed that the MICs to tetracycline for strains containing two resistance genes were higher than for strains possessing single resistance gene (P<0.001, Wilcoxon rank-sum test, Table 3 ). However, there were no significant differences in the MICs among the 3 groups of strains containing one or more erythromycin resistance genes (P=0.171, Kruskal-Wallis test, Table 3 ).
The tetracycline ribosomal protection genes [tet(M), tet(O), tet(S) and tet(W)], and efflux genes [tet(L) and tet(40)],
tet (40) tet (L) tet (M) tet (O) tet (S) tet (W) tet (O/32/O) tet (O/W/32/O) erm (B) mef (A/E) msr (D) 2 95 63 1 15 b) 78 c 1 2 1 d) 060
) tet(O/32/O) was detected in tandem with tet(40). e) erm(B) was concomitant detected with mef(A/E) and msr(D) in 50 isolates, and msr(D) was also detected in tandem with mef(A/E) in these 50 isolates. f) erm(B) was concomitant detected with mef(A/E). g) erm(B) was concomitant detected with msr(D).
(40) + tet(O), tet(40) + tet(O/32/O), tet(M) + tet(O),
16-64 tet(M) + tet(S), tet(M) + tet(L) or tet(O) + tet(L)
DISCUSSION
S. suis infections are causing important economic losses to the swine industry worldwide and pose a significant threat to public health [20, 25] . In this study, we determined the serotypes and sequence types, performed antimicrobial susceptibility assays on and identified tetracycline and erythromycin resistance determinants of S. suis to demonstrate the current epidemiological status of S. suis isolated from diseased pigs in China.
In this study, we found that serotype 2 was the most frequently isolated serotype, which was consistent with previous reports in the same country [13, 24] , but differed from studies performed in North America [7, 9] . We showed that most S. suis serotype 2 strains from diseased pigs in China belong to ST1 and ST7, which differed from another study performed in North America, in which most S. suis serotype 2 strains belonged to ST28 and ST25, and only a small percentage (5%) of isolates were assigned to ST1 [8] . ST1 was the major ST identified and has resulted in the deaths of 3 out of 20 patients in northern Thailand [21] . ST7 caused the human STSS outbreaks in the Sichuan and Jiangsu provinces of China [26] . Generally, CC1 was strongly associated with isolates from septicemia, meningitis, and arthritis, and is responsible for most human infections [12] . Our results suggest that CC1 is still widespread in China and poses a considerable threat to public health; moreover, continuous surveillance of S. suis is important to guide current and future preventative action against the infection of S. suis in pigs and humans.
Most strains were resistant to tetracycline, azithromycin, erythromycin and clindamycin. This outcome might be explained by the intensive use of tetracyclines, macrolides and lincosamides, alone or in combination, for prophylaxis or treatment in pig breeding in China, which could provide the selective pressure needed for antibiotic-resistant bacteria to develop and spread. Other studies also demonstrated that resistance to tetracycline, erythromycin and clindamycin was common in S. suis of animal origin [18, 23, 27] . Tetracycline resistance was found to be common among the human isolates obtained from the Chinese outbreak in 2005 [26] , and 6/7 S. suis human isolates were resistant to both erythromycin and clindamycin in Japan [2] . As S. suis infection in humans is associated with exposure to pigs or contaminated pork [25] , the antimicrobial susceptibility of S. suis isolated from humans might be affected by antibiotic usage during animal production.
Multiple tetracycline-or erythromycin-resistant determinants could be detected in this study, and more than half of the strains possessed at least 2 tetracycline-or erythromycinresistant determinants. Notably, we found that tetracycline or erythromycin efflux genes, such as tet(40), mef(A/E) and msr(D), were prevalent in S. suis. The tetracycline efflux gene tet(40) was first reported to be located in tandem with tet(O/32/O) in the human gut firmicute bacterium C. saccharolyticum K10 [11] . While most previous studies found that rRNA methylase was the main mechanism involved in erythromycin resistance in S. suis [10, 18] , the efflux gene mef(A/E) has only occasionally been reported [3] . Thus, our study suggests that efflux could be another prevalent tetracycline and erythromycin resistance mechanism. Strains carrying two tetracycline resistance genes were likely to be associated with a higher MIC to tetracycline than to those carrying a single tetracycline resistance gene. However, there were no significant differences in the MICs among groups of strains containing one or more erythromycin resistance genes. This result might be due to different levels of erythromycin resistance gene expression [1, 19] .
In conclusion, the results of this study indicate that S. suis isolated from diseased pigs in China is less diverse and multi-drug resistant. Multiple tetracycline-or erythromycinresistant determinants contributed to antibiotic resistance in S. suis, and efflux could be another prevalent tetracycline and erythromycin resistance mechanism involved. 
